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============

Kondo insulators are a class of quantum materials in which the coupling between conduction electrons and nearly localized $\documentclass[12pt]{minimal}
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                \begin{document}$$f$$\end{document}$-electrons may lead to properties that are distinct from those of conventional band insulators^[@CR1]--[@CR3]^. Remarkable properties of current interest include topologically protected surface states that are predicted^[@CR4]--[@CR6]^ and reportedly confirmed by experiments^[@CR7]--[@CR12]^, and reports of magnetic quantum oscillations originating from the insulating bulk^[@CR13]--[@CR16]^. The very same magnetic field that produces quantum oscillations also couples to the $\documentclass[12pt]{minimal}
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                \begin{document}$$f$$\end{document}$-electron magnetic moments, driving the Kondo insulator inexorably towards a metallic state^[@CR17],[@CR18]^. The required magnetic fields in excess of 100 T^[@CR17],[@CR19]^ have, however, proven to be prohibitive for a complete characterization of the metallic ground state.

Thermodynamic experiments have thus far provided evidence for the presence of electronic correlations in Kondo insulators at high-magnetic fields. Quantum oscillation experiments, for example, have found moderately heavy masses within the insulating phase in strong magnetic fields^[@CR15]^. Furthermore, heat capacity experiments have shown that the electronic contribution undergoes an abrupt increase with increasing magnetic field^[@CR20],[@CR21]^: in one case^[@CR20]^ the increase occurs within the insulating phase, suggesting the presence of in-gap states^[@CR22]^, whereas in another, it coincides^[@CR21]^ with the onset of an upturn in the magnetic susceptibility^[@CR18],[@CR19]^ and reports of metallic behavior^[@CR7],[@CR18]^. An unambiguous signature of metallic behavior, such as electrical resistivity that increases with increasing temperature at accessible magnetic fields, has yet to be reported.

We show here that insulating Ce$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{3}$$\end{document}$, once polished to remove surface contamination, exhibits properties consistent with it being a reduced gap variant of its sister Kondo insulator Ce$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{3}$$\end{document}$^[@CR22],[@CR23]^, which is also a topological Kondo insulator candidate^[@CR4],[@CR24],[@CR25]^. The atypically small magnetic field of $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{c}}}\approx$$\end{document}$ 11 T required to overcome the Kondo gap of insulating Ce$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{3}$$\end{document}$ (see Fig. [1](#Fig1){ref-type="fig"}), makes this material^[@CR26]^ ideal for investigating the metallization of a Kondo insulator in strong magnetic fields. We find a magnetic field-induced metallic state exhibiting an electrical resistivity that varies as $\documentclass[12pt]{minimal}
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                \begin{document}$$T$$\end{document}$ is the temperature), thereby revealing a Fermi liquid ground state in the high-magnetic field metallic phase. We also identify a magnetic field-tuned collapse of the Fermi liquid temperature scale $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{c}}}$$\end{document}$, indicating that Ce$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{3}$$\end{document}$Bi$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{4}$$\end{document}$Pd$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{3}$$\end{document}$ may exhibit a magnetic field-tuned quantum critical point analogous to that observed in SmB$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{6}$$\end{document}$ as a function of pressure^[@CR27]--[@CR31]^. The origin of the collapsing Fermi liquid temperature scale in Ce$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{3}$$\end{document}$ is revealed by susceptibility measurements, which find a peak as a function of magnetic field at $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{c}}}$$\end{document}$ that can be traced back to a broad maximum in the susceptibility as a function of temperature at $\documentclass[12pt]{minimal}
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                \begin{document}$${T}_{{\rm{M}}}$$\end{document}$ in weak magnetic fields. This maximum implies the formation of Kondo singlets at a temperature $\documentclass[12pt]{minimal}
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                \begin{document}$$<\ {T}_{{\rm{K}}}\ <$$\end{document}$ 20 K. A gradual evolution of the susceptibility from a crossover along the temperature axis to a sharper peak along the magnetic field axis at $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{c}}}$$\end{document}$ is therefore unveiled.Fig. 1Magnetic field versus temperature phase diagram of Ce$\documentclass[12pt]{minimal}
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                \begin{document}$$B$$\end{document}$ (stars) from Fig. [6](#Fig6){ref-type="fig"}. Here, $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{c}}}=B({T}_{{\rm{M}}}\to 0)$$\end{document}$ is indicated by a green circle. Also shown is the temperature $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{xx}={\rho }_{0}+A{T}^{2}$$\end{document}$ (i.e., Fermi liquid) behavior. Shaded regions and lines are drawn as guides to the eye. The gray dashed line shows where the derivative $\documentclass[12pt]{minimal}
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                \begin{document}$$\times$$\end{document}$ symbols from sample A in pulsed fields and asterisk symbols from sample B in static fields; see Methods). To the left of this line $\documentclass[12pt]{minimal}
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                \begin{document}$$\partial {\rho }_{xx}/\partial T\ <\ 0$$\end{document}$, indicative of insulating behavior, while to the right of this line $\documentclass[12pt]{minimal}
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                \begin{document}$$B \,\, \lesssim$$\end{document}$ 20 T corresponding to the average of samples A and B in Fig. [5](#Fig5){ref-type="fig"}. Error bars represent the standard error.

Results {#Sec2}
=======

Evidence for a small gap Kondo insulator {#Sec3}
----------------------------------------

Typical signatures of a Kondo insulating state include an electrical resistivity that exhibits a thermally activated insulating $\documentclass[12pt]{minimal}
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                \begin{document}$${\rho }_{xx}$$\end{document}$ is the electrical resistivity) over a wide range of temperatures and a Curie--Weiss behavior in the magnetic susceptibility at high temperatures that crosses over via a maximum in the susceptibility into a Kondo gapped state at low temperatures^[@CR1],[@CR3],[@CR22],[@CR32]--[@CR35]^. Zero magnetic field electrical resistivity and magnetic susceptibility measurements reveal Ce$\documentclass[12pt]{minimal}
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Magnetic field-induced metallization {#Sec4}
------------------------------------
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Fermi liquid behavior {#Sec5}
---------------------
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Magnetic susceptibility measurements {#Sec6}
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Specific heat measurements {#Sec7}
--------------------------

Further thermodynamic evidence for the magnetic field-induced closing of the Kondo gap is provided by the finding of a Schotte--Schotte anomaly in the specific heat in Fig. [3](#Fig3){ref-type="fig"} (see also Supplementary Fig. [5](#MOESM2){ref-type="media"}), which undergoes a continuous change in shape in an applied magnetic field. A Schotte--Schotte^[@CR50],[@CR51]^ anomaly occurs under circumstances in which a peak in the electronic density-of-states in the shape of a Lorentzian is offset from the chemical potential by a gap (see Supplementary Fig. [6](#MOESM2){ref-type="media"} and Methods). Fits (see Fig. [3](#Fig3){ref-type="fig"}a) to the heat capacity measured at $\documentclass[12pt]{minimal}
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Discussion {#Sec8}
==========

The signatures of strongly enhanced electronic correlations in the vicinity of the critical magnetic field $\documentclass[12pt]{minimal}
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Finally, there is the question of whether strong electronic correlations in proximity to a magnetic field-tuned quantum critical point contribute to the growth of the electronic contribution to the heat capacity in the vicinity of the field-induced transitions into the metallic states of the Kondo insulators Ce$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{12}$$\end{document}$^[@CR13],[@CR15]^. Our findings suggest, at the very least, that a growth of electronic interactions at the expense of a declining hybridization needs to be taken into consideration in future more complete models of the insulating state in strong magnetic fields. A further possibility is that the Kondo insulator gradually transforms into an excitonic insulator^[@CR64]^ in advance of metallization.

Methods {#Sec9}
=======

Sample preparation {#Sec10}
------------------
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                \begin{document}$$a=$$\end{document}$ 10.05 Å^[@CR26]^. The crystals are grown by the Bi-flux technique with starting composition Ce:Pd:Bi = 1:1:1.8. The reagents are put in an alumina crucible placed inside an evacuated quartz tube. The quartz tube is then heated to 1050 °C at 100 °C/h and is kept there for 8 h. The solution is then cooled down to 450 °C at 2 °C/h. The excess of Bi is removed by spinning the tube in a centrifuge. The crystallographic structure is verified by single-crystal diffraction at room temperature using Mo radiation in a Bruker D8 Venture diffractometer.

The upturn in the magnetic susceptibility at low temperature indicates the presence of uncompensated Ce moments and magnetic impurities (such as other rare earths)^[@CR1],[@CR3],[@CR32]--[@CR34]^, which are frequently seen in Kondo insulators. However, inclusions of other crystalline phases such as CePdBi$\documentclass[12pt]{minimal}
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                \begin{document}$$\sim$$\end{document}$2% per Ce. In the case of Tb impurities, which are determined from a chemical analysis of Ce to be the leading impurity, the larger moment would imply a significantly lower concentration of 0.1%. In samples that have been polished, no significant negative contribution to the susceptibility is found that would indicate a significant presence of superconducting impurity phases within the bulk, suggesting that superconductivity seen in electrical transport measurements occurs mostly on the surface (see electrical transport experimental details below).

At this early stage of sample growth, the electrical resistivity becomes higher with improved sample quality (see e.g., the difference between early work on these samples^[@CR40]^, this work and more recent work by another group^[@CR43]^).

Electrical transport experimental details {#Sec11}
-----------------------------------------
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Despite the opening of a gap in the energy spectrum, Kondo insulators are prone to in-gap states that can reside either at the surface or the bulk and generally cause the electrical resistivity to acquire a finite value in the limit $\documentclass[12pt]{minimal}
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To delineate regions of the phase diagram where insulating $\documentclass[12pt]{minimal}
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Magnetic susceptibility experimental details {#Sec12}
--------------------------------------------

Magnetic susceptibility measurements in pulsed magnetic fields are performed using an extraction magnetometer^[@CR66]^. Magnetic susceptibility measurements in static magnetic fields are performed using a Quantum Design vibrating sample magnetometer. Owing to isolated impurities giving rise to an upturn in the susceptibility at low temperatures^[@CR1],[@CR3],[@CR32]--[@CR34]^, and the small energy scale associated with the Kondo gap in Ce$\documentclass[12pt]{minimal}
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Heat capacity experimental and modeling details {#Sec13}
-----------------------------------------------
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A distinguishing feature of the Schotte--Schotte anomaly that appears to be present in the experimental data (see Fig. [3](#Fig3){ref-type="fig"} and ref. ^[@CR40]^) is an electronic contribution to the heat capacity of the form$$\documentclass[12pt]{minimal}
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The observed consistency with the Schotte--Schotte model therefore includes (i) a peak at $\documentclass[12pt]{minimal}
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Simulations of the magnetic susceptibility {#Sec14}
------------------------------------------
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Anomalous Hall effect estimate {#Sec15}
------------------------------

We estimate the anomalous Hall effect contribution from skew scattering within the high-magnetic field metallic phase using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{xy}^{{\rm{A}}}=\gamma \tilde{\chi }{\rho }_{xx}$$\end{document}$^[@CR47]^, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma \sim$$\end{document}$ 0.08 KT^--1^ is a typical value of the coefficient for Ce compounds^[@CR47]^. At $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$B=0$$\end{document}$, the reduced susceptibility is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{\chi }\approx {\chi }_{{\rm{5T}}}^{{\rm{peak}}}/C\approx$$\end{document}$ 0.03 K^--1^, but this falls to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\approx$$\end{document}$0.014 K^--1^ at 60 T. Using $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{xx}\approx$$\end{document}$ 160 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu \Omega$$\end{document}$cm at 60 T, we obtain $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{xy}^{{\rm{A}}} \sim$$\end{document}$ 1.5 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\times$$\end{document}$ 10^--8^ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Omega$$\end{document}$m at 60 T, which is $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim$$\end{document}$10% of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\rho }_{xy}$$\end{document}$.

Supplementary information
=========================

 {#Sec16}

Supplementary Information Peer Review File

**Peer review information** *Nature Communications* thanks Andrea Bianchi, Toshiro Takabatake and the other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are available.

**Publisher's note** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** is available for this paper at 10.1038/s41467-019-13421-w.

This high-magnetic field work was supported by the US Department of Energy "Science of 100 tesla" BES program. S.K.K. acknowledges support of the LANL Directors Postdoctoral Funding LDRD program. Sample characterization at Los Alamos National Laboratory was performed under the auspices of the U.S. Department of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and Engineering, "Quantum Fluctuations in Narrow Band Systems" project. The high-magnetic field facilities of the National High-Magnetic Field Laboratory---PFF facility and related technical support are funded by the National Science Foundation Cooperative Agreement Number DMR-1157490 and DMR-1644779, the State of Florida and the U.S. Department of Energy. We acknowledge helpful discussions with Mucio Continentino, Peter Riseborough, Chao Cao, Jianxin Zhu, Qimiao Si. and Peter Wölfle. M.K.C. acknowledges support by the Laboratory Directed Research and Development program of Los Alamos National Laboratory under project number 20180137ER in conducting experiments on Kondo insulators. N.H. acknowledges support from the Los Alamos National Laboratory LDRD program: project number 20180025DR.

S.K.K., M.K.C., J.P., S.M.T., and N.H. performed the measurements. P.F.S.R. and E.D.B. grew and characterized the samples. S.K.K., N.H., and P.F.S.R. wrote the manuscript. J.D.T. and F.R. assisted with the interpretation of the experimental data.

The data presented in this manuscript is available from the corresponding author on reasonable request.

There are no competing interests.
